Brain-derived neurotrophic factor (BDNF) and its receptor TrkB are expressed in several hypothalamic and hindbrain nuclei involved in regulating energy homeostasis, developmentally and in the adult animal. Their depletion during the fetal or early postnatal periods when developmental processes are still ongoing elicits hyperphagic behavior and obesity in mice. Whether BDNF is a chief element in appetite control in the mature brain remains controversial. The required sources of this neurotrophin are also unknown. We show that glucose administration rapidly induced BDNF mRNA expression, mediated by Bdnf promoter 1, and TrkB transcription in the ventromedial hypothalamus (VMH) of adult mice, consistent with a role of this pathway in satiety. Using viral-mediated selective knock-down of BDNF in the VMH and dorsomedial hypothalamus (DMH) of adult mice, we were able to elucidate the physiological relevance of BDNF in energy balance regulation. Site-specific mutants exhibited hyperphagic behavior and obesity but normal energy expenditure. Furthermore, intracerebroventricular administration of BDNF triggered an immediate neuronal response in multiple hypothalamic nuclei in wild-type mice, suggesting that its anorexigenic actions involve short-term mechanisms. Locomotor, aggressive, and depressive-like behaviors, all of which are associated with neural circuits involving the VMH, were not altered in VMH/DMH-specific BDNF mutants. These findings demonstrate that BDNF is an integral component of central mechanisms mediating satiety in the adult mouse and, moreover, that its synthesis in the VMH and/or DMH is required for the suppression of appetite.
Introduction
Obesity and its related medical complications are reaching epidemic proportions. They are triggered by alterations in the modulation of energy balance, the finely regulated equilibrium between caloric intake and expenditure. Recently, brain-derived neurotrophic factor (BDNF), a neuronal survival, differentiation, and plasticity factor, emerged as an essential constituent of central neural circuits involved in regulating energy homeostasis. Fetal or early-postnatal depletion of this neurotrophin or its receptor, TrkB, in mice results in hyperphagic behavior and dramatic obesity (Lyons et al., 1999; Kernie et al., 2000; Rios et al., 2001; Xu et al., 2003) . In humans, similar alterations were linked to BDNF haploinsufficiency (Gray et al., 2006) and to a de novo missense mutation in the TrkB gene (Yeo et al., 2004) . However, it remains to be elucidated whether BDNF acts as a required satiety factor in the adult brain and/or as a developmental facilitator of neural circuits that regulate appetite.
BDNF is expressed in several energy balance centers in the hypothalamus and hindbrain in the developing and mature brain (Conner et al., 1997; Sugiyama et al., 2003; Tran et al., 2003; Bariohay et al., 2005) . Within the hypothalamus, it is most abundant in the ventromedial hypothalamus (VMH), a critical subpopulation of neurons important for the regulation of food intake. The VMH contains receptors for signals denoting energy status, including leptin, insulin, melanin-concentrating hormone (MCH), and orexin (Storlien et al., 1975; Mercer et al., 1996; Trivedi et al., 1998; Kokkotou et al., 2001) . Furthermore, bilateral lesions to this region in rodents triggered hyperphagia and obesity (Penicaud et al., 1983) . BDNF is also expressed in other brain areas associated with appetite control, including the dorsomedial hypothalamus (DMH), paraventricular nucleus (PVN), and lateral hypothalamic area (LH) (Castren et al., 1995; Xu et al., 2003) . The essential hypothalamic sources of BDNF and triggers of its activity for the regulation of energy homeostasis remain to be elucidated.
Previous reports suggest that signaling through the BDNF/ TrkB pathway promotes satiety in the adult animal. For example, infusion of BDNF into the brain of mature rats significantly reduces food intake (Lapchak and Hefti, 1992) . Additionally, BDNF mRNA levels are reduced by fasting in the VMH and nucleus of the solitary tract Bariohay et al., 2005; Tran et al., 2006) . BDNF expression in these regions is also regulated by the peripheral satiety factors leptin and cholecystokinin (Bariohay et al., 2005; Komori et al., 2006) .
Here, we describe studies designed to differentiate the role of BDNF in the adult animal from its developmental functions impacting appetite control. We show that glucose, a caloric signal, directs transcription of BDNF and TrkB in the VMH and that BDNF induces neuronal activity in hypothalamic energy balance centers. Furthermore, we demonstrate that specific deletion of Bdnf in the VMH and DMH of adult mice results in hyperphagic behavior without affecting energy expenditure and behaviors associated with these hypothalamic regions. These findings demonstrate that BDNF is a required satiety signal in the adult brain and that the VMH/DMH regions comprise an essential source.
Materials and Methods
Animals. All of the following procedures were approved by the Institutional Animal Care and Use Committee at Tufts University and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Every effort was made to minimize the number of animals used in these studies and their suffering. BDNF 2L/2L mice were generated as previously described and were in a hybrid background with C57BL/6 and 129 strain contributions (Rios et al., 2001) . Sexmatched littermates were used in every experiment to reduce genetic background differences. All animals were between 10 and 14 weeks of age at the start of each experiment. All mice used in long-term studies were fed ad libitum, unless otherwise noted, and housed individually in the Tufts University animal care unit on a 12 h light/dark cycle.
In situ hybridization analysis. To measure BDNF mRNA levels in the brain after glucose or saline treatment, wild-type mice (10 -14 weeks of age) were fasted for 48 h followed by a single intraperitoneal injection of glucose (2 mg/kg) or saline. Fresh brains were collected at 0, 15, 30, 60, 120, or 360 min after treatment and immediately frozen on dry ice. The experiments were timed appropriately so that all mice were killed between 3:00 and 4:00 P.M. to avoid potential circadian fluctuations of BDNF mRNA. Twelve-micrometer-thick sections containing VMH and DMH from each animal were hybridized for 16 h at 60°C with a 35 Slabeled, antisense riboprobe representing bases 507-833 of the BDNF cDNA. Specificity of this riboprobe was confirmed by lack of hybridization to tissue from BDNF 2L/2LCamk-Cre mutant mice (Rios et al., 2001 ). After the hybridization step, sections were stringently washed and placed on x-ray film for 12 d. Densitometry of BDNF mRNA signal was conducted using the Kodak 1D Image Analysis software. Coronal level was confirmed by staining adjacent sections with cresyl violet. A similar protocol was used to measure BDNF mRNA levels in AAV2/8-GFP and AAV2/8-Cre-treated mice.
Laser-capture microdissection. Wild-type mice that were fasted for 48 h received a single dose of saline or glucose (2 mg/kg) and were killed 30 min later. Their brains were extracted and immediately frozen. Twelvemicrometer-thick sections representing two independent coronal levels of the VMH were obtained and dehydrated in a series of ethanols, stained in cresyl violet, followed by a 1 min incubation in histoclear. Sections were then dried in a desiccator, and bilateral laser microdissection of cresyl violet-stained cells in the VMH was performed using the Arcturus Pixcell IIe LCM system. Total RNA was extracted from captured cells using the Picopure RNA extraction kit (Arcturus, Sunnyvale, CA), DNased, and amplified (two rounds) using the MessageAmp II RNA amplification kit (Ambion, Austin, TX) as per the manufacturer's specifications.
Quantitative reverse transcription-PCR. RNA extracted from lasercaptured VMH cells was treated with DNase, amplified as described earlier, and tested for genomic DNA contamination in PCRs. Reverse transcription (RT) to generate cDNA was conducted with 2 g of RNA and using 200 U of Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) and 150 ng of random hexamers (Invitrogen) in a 20 l reaction.
Real-time PCR amplification was performed using a MX-4000 Stratagene (La Jolla, CA) cycler and SYBR green PCR master mix (Qiagen, Valencia, CA). For each primer set, the specificity of the product amplification was confirmed by dissociation curve analysis and agarose gel electrophoresis. Furthermore, curves were created using serial dilutions, and the efficiencies for each primer set was calculated. The amplification efficiency for all the primers used in this study was between 90 and 100%. For each target primer set, a validation experiment was performed to demonstrate that the PCR efficiencies were approximately equal to those of the reference gene. A two-step protocol was used: 95°C for 10 min and 45-50 cycles with 95°C for 30 s, 58 or 60°C for 30 s, and 72°C for 30 s. GAPDH and actin were used as normalizers. The following intronspanning primers were used for detecting each of the BDNF transcript isoforms: I: forward (F), 5Ј-CCTGCATCTGTTGGGGAGAC-3Ј; reverse (R), 5Ј-GCCTTGTCCGTGGACGTTTA-3Ј; II: F, 5-ЈCTAGCCAC-CGGGGTGGTGTAA-3Ј; R, 5Ј-AGGATGGTCATCACTCTTCTC-3Ј; III: F, 5Ј-CAGGAGTACATATCGGCCAC-3Ј; R, 5Ј-AGGATGGTCAT-CACTCTTCTC-3Ј; IV: F, 5Ј-CAGAGCAGCTGCCTTGATGTT-3Ј; R, 5Ј-GCCTTGTCCGTGGACGTTTA-3Ј; V: F, 5Ј-TTGGGGCAGAC-GAGAAAGCGC-3Ј; R, 5Ј-AGGATGGTCATCACTCTTCTC-3Ј. All samples were analyzed in triplicates, and nontemplate controls were included to ascertain any level of contamination. Amplification products ranged from 100 to 124 bp. Data obtained were analyzed using the comparative C t method. Every experiment was repeated at least once.
Intracerebroventricular administration of glucose and insulin. Wild-type mice (10 -14 weeks of age) were fasted for 48 h, anesthetized with pentobarbital (50 mg/kg), and stereotaxically administered 100 g of glucose (Acros Organics, Geel, Belgium), 1 U of insulin (Humulin R) (Eli Lilly, Indianapolis, IN), or saline vehicle control into the dorsal third ventricle. Thirty minutes after injection, fresh brains were collected, immediately frozen on dry ice, and processed for in situ hybridization as previously described. Densitometry of BDNF mRNA signal was conducted using the Kodak 1D Image Analysis software. All coronal levels were confirmed by staining adjacent sections with cresyl violet.
Immunohistochemistry. To identify the hypothalamic centers activated by BDNF, 10 g of recombinant human BDNF (Millipore, Billerica, MA) or saline vehicle control was stereotaxically delivered into the dorsal third ventricle of wild-type mice anesthetized with pentobarbital (50 mg/kg). Forty-five minutes after BDNF injection, mice were transcardially perfused with 20 ml of cold saline followed by 50 ml of 4% paraformaldehyde (PFA). Brains were immediately removed, postfixed in 4% PFA overnight at 4°C, cryoprotected in a 30% sucrose solution, and frozen in mounting media (Tissue-Tek, Torrance, CA) until further use. Twentyfive-micrometer-thick coronal sections representing the whole rostrocaudal extent of the hypothalamus were obtained and c-fos immunohistochemistry was performed using standard methods. In brief, endogenous peroxidase activity was quenched in free-floating sections with 0.5% H 2 O 2 in 1ϫ PBS for 15 min, permeabilized with 0.5% Triton X-100 in 1ϫ PBS for 20 min, and blocked in 10% normal horse serum for 30 min at room temperature. Sections were then incubated for 48 h at 4°C with a rabbit primary antibody against c-fos (1:50,000; Ab5; Oncogene Science, Cambridge, MA), followed by washes and incubation with a biotinylated secondary antibody (1:200) and an avidin-biotin peroxidase complex as per the manufacturers instructions (ABC, Vector Elite Kit; Vector Laboratories, Burlingame, CA). Sections were then incubated with substrate solution (0.025% diaminobenzidine/0.15% nickel ammonium sulfate/0.0036% H 2 O 2 in 0.05 M Tris buffer) for 5 min. c-fospositive neurons were counted in rostral, medial, and caudal levels of the VMH, DMH, PVN, LH, and arcuate nucleus (Arc). The locations of cells were confirmed in adjacent sections stained with cresyl violet. Data presented represent total number of c-fos ϩ cells per nuclei from unilateral counts.
Site-specific deletion of Bdnf. AAV2/8 vectors were produced, purified, and titered as previously described (Broekman et al., 2006) . Cre recombinase cDNA carrying an N-terminal nuclear localization signal was cloned into the AAV2-CBA-W vector plasmid. Adeno-associated virus (1.25 ml; 1 ϫ 10 13 infectious units/ml) encoding Cre recombinase (AAV2/8-Cre) or green fluorescence protein (AAV2/8-GFP) was delivered to the VMH and DMH of anesthetized floxed BDNF mice (10 -14 weeks of age, males) using the following coordinates: anteroposterior, Ϫ1.5 mm; mediolateral, Ϯ0.5 mm; dorsoventral, Ϫ5.4 mm. Virus was administered bilaterally using a 10 l Hamilton syringe with a 33-gauge needle attached to a digital stereotaxic apparatus (Benchmark, St. Louis, MO) and an infusion microsyringe nanopump (kd Scientific, Holliston, MA) at a rate of 0.1 l/min. The needle was held in place for 10 min after injection to permit diffusion of the virus and to minimize backflow after needle retraction. Mice were then given 1 week to recover from surgery before any experiments were conducted. Coordinates for targeting the VMH/DMH were determined using the mouse atlas (Paxinos and Franklin, 2001 ) and by pilot experiments involving injection of AAV2/8-Cre virus into ROSA reporter mice (Soriano, 1999) . Accurate targeting was confirmed in AAV2/8-GFP-treated mice by analysis of GFP signal and in AAV2/8-Cre-treated mice by measurements of BDNF mRNA expression.
Food intake and body weight measurements. Food intake and body weights of AAV2/8-GFP and AAV2/8-Cre-injected mice were measured starting 1 week after surgery. Mice were housed individually and given a premeasured amount of food. The changes in food and body weight were measured on the same day and time each week.
Pair feeding studies. To assess deficits in energy expenditure as a result of BDNF depletion from the medial hypothalamus, site-specific injections of AAV were performed as previously described. After surgery, mice were fed ad libitum until AAV2/8-Cre-treated mice exhibited hyperphagic behavior and increased body weight (ϳ6.5 weeks after surgery), after which they were pair fed to AAV2/8-GFP-injected mice. Body weight was then monitored weekly for the following 9 weeks.
Body temperature measurements. Core body temperature for pair-fed AAV2/8-GFP and AAV2/8-Cre mice (6 -7 months of age) was measured using the CMA/150 Temperature Controller (CMA Microdialysis, Solna, Sweden) fitted with a mouse rectal probe (part # 831 1130). All measurements were conducted between 3:00 and 4:00 P.M. and were recorded when the temperature readout stabilized for Ͼ5 s.
Serum analysis. Serum levels of leptin and insulin were determined using enzyme immunoassay kits from Linco Research (Billerica, MA), respectively. All procedures were performed according to the manufacturer's instructions. To determine blood glucose levels, mice were fasted for 16 h and bled, and measurements were taken using the Freestyle blood glucose monitoring system. The lean/obese labels refer to the body weights of the AAV2/8-Cre-injected mice at the time the study was conducted. For the insulin and glucose measurements, lean refers to AAV2/ 8-Cre-injected mice that were already hyperphagic but not yet significantly heavier than AAV2/8-GFP-treated mice. For the leptin measurements, lean refers to measurements performed after pair feeding.
Locomotor activity. For monitoring of locomotor activity, AAV2/8-GFP and AAV2/8-Cre (pair fed and of normal body weight) mice were individually housed in standard 15 ϫ 24 cm plastic cages. Activity was measured as beam breaks using the SmartFrame Activity System (Hamilton/Kinder, Poway, CA) after a 6 d adjustment period. Briefly, the setup consisted of 12 PC-interfaced horizontal beams (8 in y-axis ϫ 4 in x-axis, spaced 1.5 cm apart), which surrounded the perimeter of the cage. Data obtained were analyzed using the MotorMonitor software (Hamilton/Kinder).
Resident intruder test. To assess isolation-induced aggression as a result of BDNF depletion from the VMH and DMH, all AAV2/8-GFP and AAV2/8-Cre-treated male mice were maintained in their individual cages and subjected to the resident intruder test (Winslow and Miczek, 1983 ). Cages were not changed for 1 week before testing. On the test day, one wild-type male mouse, serving as the intruder, was placed in the cage of a resident AAV2/8-GFP or AAV2/8-Cre mouse. Aggressive behavior was monitored over the following 5 min and scored as latency to the first biting attack and total number of attacks by the resident animal. Each intruder was used only once in these experiments. Failure of a resident mouse to attack the intruder was scored as 5 min.
Tail suspension test. The tail suspension test was modified from the method described previously (Steru et al., 1985) . AAV2/8-GFP and AAV2/8-Cre-injected mice were suspended by their tail, which was taped to the edge of a table 80 cm from the floor. The test was performed for 6 min and scored for latency to immobility and total immobility. Mice were considered immobile when hanging motionless with their limbs tucked into their body.
Statistical analysis. Measurements for food intake, body weight, serum analysis, and locomotor activity were analyzed using an unpaired t test. Quantification of in situ hybridizations and quantitative RT-PCR were analyzed by one-way ANOVA. Data were considered statistically significant when p Ͻ 0.05, and all values represent mean Ϯ SEM.
Results
Glucose administration rapidly induces BDNF mRNA and TrkB mRNA expression in the VMH A common feature of appetite-regulating factors is their modulation by energy status signals. Work by others has shown that extended fasting significantly decreases BDNF mRNA content in the VMH Tran et al., 2006) , consistent with a role of BDNF in regulating feeding behavior. Because this change could be part of a stress response to prolonged food deprivation, it was important to determine whether expression of BDNF in the VMH was sensitive to peripheral macronutrients. As a first step toward distinguishing actions of BDNF in the mature brain from those in the developing brain that influence energy balance, we asked whether caloric signals modulated its hypothalamic expression. To address this, we investigated the effect of glucose on BDNF mRNA expression in the VMH and DMH. For this, wildtype mice fasted over a period of 48 h received a single intraperitoneal dose of glucose (2 mg/kg) or saline, and BDNF mRNA expression was measured 15, 30, 60, 120, and 360 min after treatment. Consistent with previous findings Tran et al., 2006) , a 58% decrease in levels of BDNF mRNA was observed in the VMH as a response to fasting (Fig. 1 A, B) (n ϭ 5; *p ϭ 0.01). Levels of BDNF transcripts in the DMH were not significantly altered by low energy levels (data not shown). Moreover, glucose treatment triggered a rapid elevation of BDNF mRNA content in the VMH as early as 30 min after treatment relative to saline administration (Fig. 1C,D) . At this time point, there was a near twofold increase in BDNF transcript levels, which remained significantly elevated 2 h after treatment (Fig. 1 D) . In agreement with a role in feeding behavior regulation, the increase in BDNF mRNA was only transient. By 6 h after glucose administration, content of BDNF mRNA returned to fasting levels. No changes in BDNF mRNA expression in response to glucose were observed in other brain regions, including the DMH, cortex, and hippocampus (data not shown).
To distinguish whether glucose acts centrally and/or peripherally to modulate BDNF transcription, we measured levels of BDNF mRNA in the VMH of wild-type mice that were administered glucose or saline via intracerebroventricular injection. Mice that received intracerebroventricular glucose exhibited a 51% increase in levels of BDNF transcripts 30 min after treatment compared with saline controls (n ϭ 4; p ϭ 0.005) (Fig. 1 E) . This result shows that glucose acts directly in the brain to positively regulate expression of BDNF mRNA. To further delve into peripheral actions of glucose influencing BDNF expression, we investigated the effects of intracerebroventricular insulin administration. Insulin is released into the circulation in response to glucose, and insulin receptors are located within the VMH (Storlien et al., 1975) . We found that transcript levels of BDNF in the VMH were not altered in response to insulin (Fig. 1 E) .
Next, we sought to elucidate the molecular mechanisms mediating the rapid induction of BDNF mRNA in the VMH by peripheral administration of glucose. The mouse Bdnf gene comprises at least five untranslated exons (I-V), each of which splices to a single coding exon (VI) to generate several transcript iso-forms . Each untranslated exon is associated with an unique promoter. To investigate which Bdnf promoters were activated in the VMH after glucose treatment, cells from this region in glucose or saline-treated (30 min after treatment) wild-type mice were isolated by laser-capture microdissection (Fig. 2 A, B) . RNA extracted from captured cells was amplified and reverse transcribed for BDNF isoform-specific quantitative PCR analysis. We found that content of transcripts containing exon 1 was significantly increased in response to glucose ( p ϭ 0.03; n ϭ 4) (Fig. 2C) . Moreover, there was a trend toward a significant increase in transcripts containing exon IV ( p ϭ 0.058; n ϭ 4) (Fig. 2C) . These results are consistent with a previous report (Tran et al., 2006) , which showed that exon I and IV-containing isoforms are enriched in the VMH under basal conditions. Surprisingly, the level of transcripts containing exon V was significantly reduced in the VMH by glucose treatment ( p ϭ 0.02; n ϭ 4) (Fig. 2C) .
To further ascertain how energy signals might impact the BDNF signaling pathway, we investigated whether glucose (30 min after treatment) also regulated levels of full-length TrkB receptor (TrkB.FL) in the VMH. An 80% elevation in the levels of TrkB.FL mRNA was detected in the VMH of glucose-treated animals when compared with saline controls ( p ϭ 0.003; n ϭ 7) (Fig. 2C) . Our observation that glucose, an energy signal, rapidly induces both BDNF and TrkB.FL mRNA expression in the VMH supports a role for BDNF signaling in satiety.
Exogenous BDNF rapidly activates neurons in hypothalamic appetite-regulating centers Because BDNF can be secreted from dendrites or axonal terminals, it can act presynaptically or postsynaptically (Gottschalk et al., 1998; Xu et al., 2000; Chakravarthy et al., 2006) . There are also examples of this neurotrophin acting in an autocrine manner in the literature (Barnabe-Heider and Miller, 2003; Kim et al., 2004) . In the hypothalamus, extensive expression of TrkB in the Arc, VMH, PVN, DMH, and LH suggests many potential target sites for BDNF action influencing food intake behavior Kernie et al., 2000) . To further delve into the mechanisms facilitating the effects of BDNF in the adult animal, we assessed its ability to rapidly activate neurons contained in these discrete appetite-regulating hypothalamic nuclei. Exogenous BDNF (10 g) or saline was stereotaxically delivered to the third ventricle of wild-type mice. Forty-five minutes after treatment, hypothalamic expression of c-fos, an immediate early response gene and marker of neuronal activation, was measured. BDNF rapidly induced c-fos expression in several hypothalamic nuclei including the VMH (204.1 Ϯ 8.78 vs 53.5 Ϯ 3.5; p Ͻ 0.01), DMH (146.7 Ϯ 3.8 vs 62.8 Ϯ 8.4; p Ͻ 0.01), PVN (209.3 Ϯ 27.0 vs 61.6 Ϯ 4.7; p Ͻ 0.01), and LH (91.8 Ϯ 4.2 vs 41.0 Ϯ 4.9; p Ͻ 0.01) compared with saline-treated mice (n ϭ 4 per group) (Fig. 3A-E) . In the PVN, VMH, DMH, and LH, the number of c-fos ϩ cells was increased by 285, 237, 132, and 124%, respectively, compared with saline controls (Fig. 3E) . However, no significant changes in the number of c-fos-expressing cells were observed in the Arc. These data show that BDNF functions as a fast-acting signal that induces neuronal activity within several hypothalamic nuclei.
Selectively deleting Bdnf in the ventromedial and dorsomedial hypothalamus of adult mice results in hyperphagic behavior and body weight gain BDNF is expressed in various energy balance-regulating centers in the hypothalamus and hindbrain in the developing and mature brain (Conner et al., 1997; Sugiyama et al., 2003; Tran et al., 2003; Xu et al., 2003; Bariohay et al., 2005) . Mouse models of global or central depletion of BDNF and TrkB exhibit increases in food intake and dramatic obesity (Lyons et al., 1999; Kernie et al., 2000; Rios et al., 2001; Xu et al., 2003) . However, it remains unclear what proportion of these alterations are caused by perturbed developmental or maintenance functions of BDNF. Furthermore, the essential sources of BDNF for the regulation of appetite remain unknown. Because we found that nutritional signals modulate expression of BDNF mRNA in the VMH, we hypothesized that BDNF derived from this region acts as an essential satiety signal in the adult animal. To test this, we selectively deleted Bdnf alleles in the VMH and DMH of adult male mice (10 -14 weeks of age). Adeno-associated virus encoding Cre recombinase (AAV2/8-Cre) or green fluorescence protein (AAV2/ 8-GFP) was stereotaxically and bilaterally delivered to the VMH of mice homozygous for floxed Bdnf alleles (Bdnf 2L/2L mice) (Rios et al., 2001 ). Because of its proximity to the VMH, cells in the DMH were also targeted. Untreated BDNF 2L/2L mice have normal body weight and food intake behavior and express BDNF normally unless Cre recombinase is present to mediate the elimination of the single coding exon of Bdnf (Rios et al., 2001 ). AAV2/8-GFP-treated mice were used as controls for the effects of the surgery and the viral infection. A time course of BDNF mRNA depletion using this approach revealed that this neurotrophin was not maximally depleted in the VMH and DMH of AAV2/8- 
Cre-treated mice until 4 weeks after injection (data not shown).
This finding is consistent with other reports using similar viral vectors . First, we investigated whether there were toxicity effects associated with the viral infection. Cell counts in cresyl violet-stained sections obtained from AAV2/8-GFP-treated, AAV2/8-Cretreated, and untreated wild-type mice did not reveal any changes in cell content in the VMH or DMH at 16 weeks after viral injection (data not shown). We then quantified the degree and specificity of BDNF mRNA depletion in AAV2/8-Cre-injected mice compared with AAV2/8-GFP-treated mice, throughout the entire rostrocaudal extent of the hypothalamus. In situ hybridization analysis revealed that on average, AAV2/8-Cre-treated mice exhibited bilateral 87 and 81% reductions in BDNF mRNA in the VMH and DMH, respectively (Fig. 4 A-E) . Depletion of this neurotrophin was evident in all segments of these hypothalamic nuclei. No significant changes in levels of BDNF transcripts were observed in the PVN, cortex, or hippocampus, indicating that targeting was specific to the VMH and DMH and that the majority of cells in the targeted region had been depleted of BDNF. Only data obtained from AAV2/8-Cre-injected mice that were confirmed to have bilateral depletion of BDNF mRNA from the VMH and DMH Ͼ70% through post hoc examination were included in each study.
Already at 4 weeks after surgery when BDNF depletion became maximal, animals that received AAV2/8-Cre consumed significantly more food than AAV2/8-GFPinjected mice (Fig. 5A) ( p ϭ 0.05) . Hyperphagic behavior persisted throughout the remainder of the study and by 10 weeks after surgery, AAV2/8-Cre injected mice exhibited a 27% increase in daily food intake compared with AAV2/8-GFP injected mice (4.87 Ϯ 0.11 and 3.83 Ϯ 0.14 g/d, respectively; p ϭ 0.00009; n ϭ 7) (Fig. 5A) . Moreover, they became significantly heavier at 7 weeks after surgery (Fig. 5B) . Sixteen weeks after viral treatment, AAV2/ 8-Cre injected mice were, on average, 41% heavier than AAV2/8-GFP injected mice (38.8 Ϯ 1.94 and 27.4 Ϯ 2.16 g, respectively; n ϭ 7; p ϭ 0.0001) (Fig. 5B ). These studies demonstrate that BDNF acts as a satiety factor in the adult brain and that its synthesis in the VMH and DMH is required for normal energy balance.
Mice with depletion of VMH-and DMHderived BDNF develop hyperleptinemia, hyperinsulinemia, and hyperglycemia
In our previous studies, we found that mice with central depletion of BDNF (BDNF 2L/2LCamK-Cre mice) had elevated circulating levels of leptin, insulin, and glucose (Rios et al., 2001) . To investigate whether these physiological changes were elicited by depletion of BDNF in the VMH and DMH, serum analysis was conducted. Serum samples were obtained from AAV2/ 8-Cre-treated mice that exhibited hyperphagic behavior and that had normal or increased body weights and compared with their AAV2/8-GFPtreated counterparts. AAV2/8-Cre-injected mice that had not yet become obese had normal circulating levels of leptin, insulin, and glucose relative to AAV2/8-GFP controls (Fig. 6 A-C) . In contrast, obese AAV2/8-Cre injected mice exhibited fourfold, 6.3-fold, and 30% increases in serum levels of leptin (n ϭ 7; p ϭ 0.0002), insulin (n ϭ 7; p ϭ 0.008), and glucose (n ϭ 7; p ϭ 0.001), respectively, compared with AAV2/8-GFP mice (Fig. 6 A-C ). These results demonstrate that VMH/DMH-specific BDNF mutants develop leptin and insulin resistance and hyperglycemia because of their body weight gain and not as a result of BDNF depletion.
Limiting caloric intake restores normal body weight in VMH/ DMH-site specific BDNF mutants
The VMH and DMH influence energy expenditure through the modulation of sympathetic outflow to brown adipose tissue and thermogenesis (Perkins et al., 1981; Takahashi and Shimazu, 1982; Kelly and Bielajew, 1991; Zaretskaia et al., 2002) . Therefore, we sought to elucidate whether depleting BDNF in these areas resulted in alterations in energy expenditure. For this, we inves- tigated whether caloric restriction was enough to restore body weight levels of the site-specific BDNF mutants to those of the controls. After confirming that AAV2/8-Cre-injected mice exhibited hyperphagic behavior and obesity, we limited their caloric intake to that of AAV2/8-GFPinjected mice. Pair feeding induced a progressive loss of body weight in AAV2/8-Cre-treated mice (Fig. 7) . Indeed, after 5 weeks of pair feeding, there was no significant difference in body weight between the two groups. Additionally, body temperatures of pair-fed AAV2/8-Cre-injected mice were similar to those of AAV2/8-GFP-injected mice, consistent with normal thermogenesis (data not shown). These results suggest that the obesity triggered by BDNF depletion in the VMH and DMH is caused by increased food intake, not by changes in energy expenditure.
Mice with depleted BDNF in the VMH and DMH do not exhibit the behavioral alterations associated with central deletion of Bdnf
Reported lines of BDNF mutant mice display behavioral abnormalities, including hyperaggression, depressive-like behavior, and hyperactivity (Lyons et al., 1999; Kernie et al., 2000; Monteggia et al., 2004 Monteggia et al., , 2007 Chan et al., 2006) . Electrical stimulation of neural circuits involving the VMH elicits increases in aggressive behavior, and stimulation of kainate-type glutamate receptors in the VMH of rats induces running behavior (Adamec, 1991; Narita et al., 2002) . Moreover, the VMH has reciprocal connections with the amygdala, a limbic structure associated with depression (Krieger et al., 1979) . Therefore, we asked whether behavioral deficits observed in reported lines of BDNF insufficiency were triggered by lack of BDNF in the VMH. Locomotor activity of AAV2/8-Cre and AAV2/8-GFP mice in their home cages was monitored over six continuous 24 h periods. No significant differences in total activity or in activity during the light or dark cycles were observed between the two groups (Fig. 8 ).
Next, we tested AAV2/8-GFP and AAV2/8-Cre-treated mice in the resident intruder behavioral paradigm to assess changes in aggressive behavior. No significant changes in the latency to the first biting attack (AAV2/8-GFP, 243 Ϯ 14 s; AAV2/8-Cre, 256 Ϯ 15 s) or in the total number of attacks (AAV2/8-GFP, 1.88 Ϯ 0.39 attacks; AAV2/8-Cre, 2.34 Ϯ 0.9 attacks) were observed between both groups of mice. Finally, we subjected AAV2/8-Cre and AAV2/8-GFP mice to the tail suspension test, a behavioral paradigm designed to assess depressive-like behavior in rodents. Both experimental groups exhibited similar total immobility times (AAV2/8-GFP, 91.2 Ϯ 17.8 s; AAV2/8-Cre, 78.4 Ϯ 12.7 s) and latency to immobility (AAV2/8-GFP, 112.4 Ϯ 12.9 s; AAV2/8-cre, 119.8 Ϯ 5.8 s). In summary, these studies show that BDNF expression in the VMH and DMH is not required for the regulation of locomotor, aggressive, or depressive-like behavior.
Discussion
In this study, we demonstrate for the first time that BDNF signaling in the mature brain is required for the fine control of energy balance and that the VMH and/or DMH are essential sources of it in mediating satiety. In support of this, we also showed that glucose rapidly and robustly induced expression of both BDNF mRNA and TrkB mRNA in the VMH. Additionally, BDNF was able to rapidly induce neuronal activity in key hypothalamic nuclei involved in body weight regulation. In contrast, BDNF expression in the VMH and DMH was not required for the modulation of energy expenditure or aggressive, depressive-like, or locomotor behavior. Together, these findings highlight the prominent and direct role of BDNF in the regulation of energy homeostasis in adult animals and bring us closer to elucidating the neural circuits that rely on BDNF signaling to modulate appetite.
BDNF regulates appetite in the adult animal BDNF and TrkB have well illustrated roles facilitating neuronal survival, differentiation, and connectivity during development of the nervous system (Patapoutian and Reichardt, 2001 ). Some of these functions could extend to the hypothalamus, where BDNF mRNA expression is already evident during the prenatal period (Sugiyama et al., 2003) . Our examination of mice in which Bdnf was selectively deleted in the adult VMH and DMH demonstrates that BDNF acts as a critical satiety factor in adult mice. However, these findings do not preclude the possibility that it also serves essential roles during development of energy balance-regulating neural circuits. Relevant to this assertion, it is important to note that the degree of hyperphagic behavior and obesity exhibited by VMH/DMH-specific BDNF mutants was not as pronounced as that of our previously reported BDNF 2L/2LCamK-Cre mice (Rios et al., 2001) . Whereas the site-specific mutant males described here exhibited a 27% increase in food intake, BDNF 2L/2LCamK-Cre mice ate 75% more than wild types. This discrepancy is unlikely to be caused by differential levels of BDNF depletion, because they are comparable in both lines of mutants. Instead, the more severe hyperphagia of BDNF 2L/2LCamK-Cre mice could be attributable to the additive effects of perturbing developmental and maintenance functions of BDNF. In that line of mutants, BDNF depletion begins during the first postnatal week and is completed 2 weeks later. Because hypothalamic cell proliferation, exit from the cell cycle, and migration are completed before BDNF levels are reduced in BDNF 2L/2LCamK-Cre mice, these processes are expected to be intact (Shimada and Nakamura, 1973; Rodier, 1980; McClellan et al., 2006) . However, deficient hypothalamic cell differentiation, axonal projections, and synapse formation might be features of these mutants, because these are ongoing developmental processes during the early postnatal period. Interestingly, steroidogenic factor 1 (SF-1), a paramount element in VMH differentiation, induces BDNF expression in this region (Tran et al., 2006) . However, selective depletion of BDNF in SF-1 neurons did not elicit obesity in mice (Tong et al., 2007) . It is worth noting that SF-1 is expressed in only 60% of BDNF-containing cells in the VMH (Tran et., 2006) . Therefore, the cumulative data indicate that whereas BDNF expression by SF-1 neurons might not be required for normal energy homeostasis, its secretion by other cells within the VMH is necessary.
It is important to consider additional lines of evidence that argue against BDNF having a required role in the development of energy balance centers. For example, our previous examination of BDNF 2L/2LCamK-Cre mutants failed to uncover defects in the overall organization of the hypothalamus or in the hypothalamic pattern of distribution of NPY, MCH, orexin, AGRP (agoutirelated protein), ␣-MSH, and TRH (thyrotropin-releasing hormone)-containing cell bodies and fibers (Rios et al., 2001 ). Moreover, BDNF Ϫ/Ϫ mice did not exhibit alterations in cell migration and positioning in the VMH (McClellan et al., 2006) . Finally, central infusion of exogenous BDNF restored normal body weights in BDNF ϩ/Ϫ mutant mice (Kernie et al., 2000) . The latter observation, in particular, is consistent with BDNF acting to facilitate the physiological function of weightregulating neurons. An alternative explanation for the more severe obesity of BDNF 2L/2LCamK-Cre mutants is the additive effects of depleting BDNF in additional energy balance-regulating regions of the brain. BDNF is vastly depleted across the brain of BDNF 2L/2LCamK-Cre mice, the cerebellum exempted (Rios et al., 2001) . Based on the functions ascribed to the PVN previously, depleting BDNF from this area could have deleterious effects on the regulation of food intake, metabolic function, and sympathetic outflow (Swanson and Sawchenko, 1983; Sims and Lorden, 1986) . Accordingly, administration of exogenous BDNF into the PVN reduced energy intake and increased body temperature and expression of UCP1 (uncoupling protein 1) in brown adipose tissue (Wang et al., 2007a,b) . Lack of BDNF in the dorsal vagal complex is also likely to contribute to the obesity of BDNF 2L/2LCamK-Cre mutants. Whereas fasting elicits a reduction in neurotrophin expression in this hindbrain area, refeeding after extended fasting increases its content of BDNF (Bariohay et al., 2005) . The involvement of BDNF in the mesolimbic pathway also warrants consideration, because this circuit was associated previously with the hedonistic aspects of food intake regulation (Georgescu et al., 2005; Fulton et al., 2006) .
Regardless of the importance of its expression elsewhere, it is clear from our studies that depleting BDNF stores from the VMH and DMH significantly hinders the regulation of appetite. The high level of technical difficulty of the studies described here prevented targeting Bdnf exclusively in the VMH or DMH. We propose that between these two areas, the VMH is more likely to be an essential source of this neurotrophin for the short-term regulation of food intake. In agreement, energy status signals influence BDNF mRNA expression in the VMH but not in the DMH Tran et al., 2006; our observations) . Moreover, we showed here that glucose induces BDNF mRNA expression in the VMH through central mechanisms. A direct mechanism might involve glucose-mediated calcium influx in glucose-sensing neurons in the VMH with a subsequent stimulation of calcium-responsive elements present in promoters 1 and 4 of the Bdnf gene. A surprising finding was the concomitant reduction in promoter V-directed BDNF mRNA expression induced by glucose. This change could reflect a feedback inhibitory mechanism designed to maintain physiological levels of BDNF transcripts in this hypothalamic region.
Targets and mechanisms of action of VMH/DMH-derived BDNF
We report here that BDNF administration leads to rapid neuronal activation in several hypothalamic nuclei, including the VMH. This suggests that VMH-derived BDNF might exert its satiety effects by acting locally within this nucleus in an autocrine or paracrine manner. In support of this, it was reported recently that BDNF infusion into the VMH triggered reductions in food consumption and body weight (Wang et al., 2007c) . BDNF produced in the VMH could also interact with several intrahypothalamic or extrahypothalamic regions to signal for satiety, including the DMH, Arc, PVN, amygdala, nucleus accumbens, and nucleus of the solitary tract (Canteras et al., 1994) . No changes in the number of c-fos ϩ cells were observed in the Arc in response to BDNF administration albeit having a high content of TrkB receptors, suggesting that BDNF might exert both excitatory and inhibitory effects on neurons residing there.
The findings that BDNF rapidly activates neurons in hypothalamic nuclei and that glucose induces a fast increase in BDNF and TrkB content in the VMH support the idea that this signaling pathway regulates energy balance through short-term mechanisms. These features are consistent with the involvement of BDNF in meal termination signaling, perhaps through the modulation of other weight-regulating factors. However, the effects of this neurotrophin could also entail longer-term mechanisms involving interpretation of other satiety signals. In the postnatal brain, plasticity of hypothalamic neurons is a recently identified and likely important element in body weight regulation. Indeed, excitatory input from the VMH to appetite-inhibiting proopiomelanocortin (POMC) neurons in the arcuate nucleus is dynamically modulated by nutritional cues (Sternson et al., 2005) . Leptin, an anorexigenic factor, is also a participant in hypothalamic Figure 6 . Obese VMH/DMH-specific BDNF mutants have elevated circulating levels of leptin, insulin and glucose. A, Serum leptin levels of AAV2/8-GFP (G) and AAV2/8-Cre (C) mice (n ϭ 7 per group; *p ϭ 0.002). B, Serum insulin levels of AAV2/8-GFP (G) and AAV2/8-Cre (C) mice (n ϭ 7; *p ϭ 0.008). C, Fasted blood glucose levels of AAV2/8-GFP (G) and AAV2/8-Cre (C) mice (n ϭ 7; *p ϭ 0.001). Lean and obese labels refer to body weights of AAV2/8-cre-treated mice at the time of analysis. synaptic plasticity. In addition to modulating the expression of POMC and NPY and the activity of neurons containing them in the Arc (Mizuno et al., 1998; Sahu, 1998; Ahima et al., 1999; Elias et al., 1999) , it facilitates rewiring of circuits in that hypothalamic region (Pinto et al., 2004) . After considering BDNF's well established role in synaptic plasticity elsewhere in the brain (Korte et al., 1995; Carter et al., 2002) and the ability of leptin to induce its expression in the VMH (Komori et al., 2006) , it is reasonable to speculate about its potential involvement with the remodeling of feeding circuits. Future research should focus on elucidating whether BDNF produced in the VMH contributes to these reported forms of hypothalamic plasticity.
In summary, we conclude that BDNF is a pivotal element in the regulation of energy homeostasis in the adult brain and that its secretion from the VMH and/or DMH is required for normal appetite control. Future investigations will aim to further pinpoint cellular and molecular targets of BDNF action in this context. 
